The influence of high-porosity nickel foam on the transition
flow regime for heat transfer and pressure drop characteristics
in a rectangular channel

Sohaib Osman'2 - Mohsen Sharifpur'? - Josua P. Meyer' - Lingen Chen*

Abstract

This study investigates an approach of enhancing heat transfer in heat exchangers by increasing heat transfer area of the heat
exchanger, and this is done by filling the rectangular test section with porous media to extend the heat transfer surface area
and thus enhance the heat transfer. The permeability of the used nickel foam is determined by conducting pressure drop
measurements through the nickel foam in the test section, and the heat transfer and pressure drop parameters are measured
and compared with the empty test section. The results show that the values of the friction coefficient are 24.5 times the
values of the empty test section, and the Nusselt number is observed to be three times higher when using nickel foam than
that without foam in the test section. No transition regime is observed for the foam-filled test section on both heat transfer
and pressure drop results; however, the transition from laminar to turbulent is found for the test section without foam. The
results of thermal factor of the foam-filled test section show a thermal performance factor higher than unity through the entire
Reynolds number range of 2000-6500, with better thermal performance factor at lower Reynolds number.
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1 Inlet
f Friction coefficient
Introduction

Metal foams are lightweight materials with an irregular
cellular and porous structure, and metal foams can be split
into open cell or closed cell. In the closed-cell metal foams,
the cells form a stand-alone enclosure within the material,
while in the open-cell metal foams, the cells are all intercon-
nected with no walls permitting the fluid to pass with less
pressure drop. The metal foams possess unique properties
compared with the traditional porous media. However, not
much research has been done on metal foams, while many
studies reported on conventional porous media [1-6] and
some books have also focused on porous media [7-9].

In the past few decades, several researchers have explored
the uses of metallic foams in heat exchangers to reduce the
size of heat exchangers in thermal management applica-
tions and to enhance heat transfer. Beavers and Sparrow
[10] conducted the first study of metal foam. They stud-
ied the pressure drop across nickel foams without report-
ing the pore size and the porosity. The Reynolds number
was evaluated based on the permeability. They found that
the flow pattern deviated from the Darcy regime at unity
Reynolds number. Paek et al. [11] determined the thermo-
physical properties of aluminium-based metal foams. The
permeability and thermal conductivity of the foams were
measured while air flowed through the metal foams. They
found that permeability was influenced by the pore size and
the porosity, while thermal conductivity increased when
the porosity decreased and remained unaffected by the pore
size. A correlation for the friction coefficient was developed
as a function of permeability and inertial forces. Miwa and
Revankar [12] developed an apparatus to investigate the per-
meability of metal foam. Various nickel foams with different
pore sizes were used. The permeability of nickel foams was
experimentally determined by measuring the pressure drop
across the foam. A correlation was obtained for this type of
metal foam in a Darcian flow regime. The developed fric-
tion factor correlation was a function of the Reynolds num-
ber based on the permeability as characteristic length and
included the effects of the pore size and structure. Calmidi
and Mahajan [13] found that heat transfer enhancement was
very low for aluminium foam when the working fluid was
air, while water enhanced the forced convection heat transfer
considerably. Kim et al. [14] studied the effect of metal foam
permeability on Nusselt number and friction coefficients,
and testing results on aluminium foams revealed that the
low permeable foams resulted in a high Nusselt number,
but high friction factors were noticed. Nazari et al. [15]
studied the heat transfer and pressure drop characteristics

of Al,O;-water nanofluids flowing in a horizontal circular
pipe packed with metal foam and compared the results with
those of the empty tube. The results of the porous media
test section showed remarkable enhancement of heat transfer
compared with those of the empty tube with a penalty in the
pressure drop. A maximum increase in "Nusselt number"
of 57% was achieved. Noh et al. [16] conducted an experi-
ment on an annulus filled with aluminium foam and obtained
pressure drop, average and local convective heat transfer.
The non-Darcy flow in the metal foam showed enhance-
ment in the laminar flow regime compared with the empty
annulus. The correlation for friction coefficient and heat
transfer was developed to suit the tube-in-tube and shell-in-
tube heat exchangers and was used in the design phase for
these heat exchangers. Wang and Guo [17] investigated the
pressure drop and the heat transfer performance of stainless
steel metal foam. Three different pore sizes were manufac-
tured using the sintering technique, and the pressure drop
of air flowing at high speed was measured. Compared with
the low-speed airflow correlations, the pressure drop was
found to be highly dominated by inertial drag. The Nusselt
numbers data were obtained under the convective boundary
conditions and found to be higher than the values of the
reported Nusselt number under constant heat flux condition.

Mancin et al. [18] investigated the effect the foam height
on the heat transfer coefficient and the pressure gradi-
ent of air flowing in two different aluminium foam with
same porosity but different height, the heat flux was also
changed, and the results revealed that the heat flux has no
effect on the heat transfer while increasing the foam height
has a reverse impact on the heat transfer, and the pressure
drop was remained unchanged with the foam height. Hama-
douche et al. [19] considered the heat transfer enhancement
of a foam-filled channel, which was filled with aluminium
foam. The study reported that the heat transfer of air flow-
ing through aluminium foam in the turbulent regime was
300% higher than in the empty channel. Dukhan et al. [20]
investigated flow regime in a metal foam consisting of an
aluminium foam pore density of 20 pores per inch and a
porosity of 87.6%. A set of points were measured to plot
the friction coefficient of the foam with Reynolds number,
and the square root of the permeability was considered as
a characteristic length to evaluate Reynolds number. The
transition from pre-Darcy to turbulent flow was investigated
and compared with the transition in the traditional porous
media found in the literature. The study showed that the per-
meability and inertial drag coefficient values were different
in the various flow regimes for the same foam.

The type of metal foam used in this research falls under the
group of the open-cell metal foams and is a porous media with
high porosity and the following interesting properties [9]: (a)
lightweight because of the high number of voids in the foam,
(b) high specific surface area, which leads to compact heat



exchanger design, (c) machinability and weldability to facili-
tate the formation of the complex parts, and (d) excellent fluid
mixing, which enhances the heat transfer rate.

From the above-reviewed literature, it is clear that the high-
porosity metal foams were not investigated enough in terms
of heat transfer enhancement, and this paper is an attempt to
understand the heat transfer capabilities of this kind of foam.
It also fills the knowledge gap on the pressure drop and heat
transfer compared to the empty test section.

Experimental methods
Test section building procedures

Initially, a rectangular test section is procures with the speci-
fication as listed in Table 1.The test section is filled with a
porous media insert of rectangular shape to assist in the heat
transfer enhancement by increasing the contact surface area
with the channel. The porous media is high-porosity foam
procured from Alantum, Korea. The supplied foam is initially
a rectangular sheet of 200x 300 mm. The standard specifica-
tion of the nickel foam is given by the supplier (Alantum) and
listed in Table 2. The foam is cut into strips with the same
dimensions as those of the test section to place it in the test
section. Figure 1 shows the foam strips placed in the rectan-
gular channel.

The strips are cut accurately to the required size by using
water jet cutting technology; the strip height is made to be
slightly higher than the channel height to produce strong, tight
bonding with the channel. The dimensions of the cut foam
and the open channel are illustrated in Fig. 2a, and the place-
ment of the foam in the channel before and after mechanical
bonding of the top of the channel is shown in Fig. 2b and c,
respectively.

For the placement of the nickel porous foam in the test sec-
tion, the top of the channel is opened, as shown in Fig. 1 by
using a bench saw, and then the top is machined to ensure a
smooth surface to assist bonding the top of the channel to the
test section, and then the foam is placed along the channel
length by mechanical bonding, as shown in Fig. 3a. To secure
the foam inside the channel, the plate is also brazed carefully,
as shown in Fig. 3b, to avoid any solder droplet to leak into the
channel, preventing the clogging of porous media, and prevent-
ing any leaks of the nanofluids while testing. The porosity of
the foam-filled test section is determined experimentally to
count for any changes occurring to the porous media because
of the foam insertion process to the channel. It is determined

Table 1 Standard specification of the empty rectangular channel

Width/mm Depth/mm Thickness Material

10 7 1 mm Copper

Table 2 Standard specification for the Ni foam supplied by alantum

Pore size/mm  Area density/g Porosity/%  Thickness/mm
mm™>
3 800 98 35

by measuring the volume of the water inside the foam test sec-
tion and then divide it by the volume of the water that filled
the test section. The porosity is found to be 3% less than the
original foam porosity, and this value is considered for the
calculation.

Description of the experimental set-up

The testing rig is designed and constructed to facilitate the
measurements of the convective heat transfer and the pressure
drop for the nanofluids. Figure 4 displays the general circula-
tion loop of the test rig as it consists of supply tank (1) from
which the magnetic variable speed pump (2) takes the fluid and
circulate it to the test Sect. 3. 200 W DC power supply is used
to heat the test section. A heating element is winded around
the test section to enable the uniform heat flux application.
The test section is coated by thermal insulation (4) of 50 mm
thick (four layers) to reduce the heat losses from the heating
coil to the surroundings. The fluid exits the test section at a
higher temperature to the flow meter (5). The hot fluid needs
to be cooled down in a separate cooling loop. The cooling
loop gets cold water from a chiller (6), and then the cold water
circulates through the cold water circulating pump (7) to the
shell and tube heat exchanger (8), in which the hot fluid cooled
and was supplied to the rectangular channel again at (20 °C).
A Data Acquisition (DAQ) system is used to process the elec-
trical signals from the thermocouples, pressure transducers,
flow meters and the power supply and then dispatches them to
the data capturing program display (9). Measured parameters
of the experiments are monitored through the Lab View pro-
gram. A detailed description of the test section configuration

Fig. 1 Nickel foam placement in the open rectangular channel



Fig.2 a Top opened test section
and the foam, b foam inserted

tightly into the test section, ¢ _ .?‘ﬁ‘ ;
foam mechanically ponded to ‘ Y g:
the test section after the top of 3
the test section was brazed

Fig.3 a Mechanical ponding of
the foam and the test section, b
brazing of the top of the channel
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Fig.4 Schematic diagram of
the of the experimental setup
circulation loop

Supply tank

Dc Power supply

Variable speed gear pump
Test section

Thermal insulation

and setup was presented in the work of Osman et al. [21]. The
connection of the test section to the test rig and the details of
the thermocouples distribution are shown in Fig. 5
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Mathematical formulation
Friction coefficient

The average flow velocity (V) can be obtained from the
equation:

V=ox M
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The Nusselt number is found as follows
where H and W are the height and the depth of the rectangu- D
lar cross-section, respectively. Nu = _avg”h )
To estimate the friction coefficient, Darcy equation is k
used: The Reynolds number is determined by:
2APD, VD
LV (3) Re= — (10)

Nusselt number

The amount of heat transferred to the water (Qyy,) 18

found using the following expression:

Qwater = Cpe (Te - Ti) 4
The heat flux (g) is given as:

P QWater
q9=— )

S
The area where heat transfer occurred is:
A, = (W +2H)L (6)

The distribution of the mean temperature is calculated
as follows:

gx(QW + 2H)

me

I,x)=T; + (7)

The following formula is considered for local heat
transfer coefficient:

Permeability of the nickel foam

The relation between the pressure distribution across the
porous media and flow velocity [7] can be found from
Eq. (14) as follows:

K \/} 11)
where K is the permeability, and it varies with the geometri-
cal characteristic of the porous media. For the high fluid
velocity, the inertial effect is dominant, and the flow range
is known as the non-Darcy flow regime. The flow range
in the test section under investigation falls under the non-
Darcy flow regime. Therefore, it is necessary to calculate
the permeability of the nickel foam that is inserted into the
rectangular test section. Equation (12) is a reformulation of
Eq. (11) for the purpose of the linearization of the equation:

1 (dp 1 CEﬂ

W(@T*ﬁﬂ

12)

A common way to write Reynolds number is to define
\/I_( as characteristic length, as follows [7]:
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The friction coefficient is calculated by the measurements
of the pressure drop using Eq. (14)

Feo APD,,
=L (14)
Uncertainty analyses

The uncertainties are evaluated for the calculated and meas-
ured parameters by following the method recommended by
Dunn [22]. The method uses linear regression analysis to
determine the bias of the thermocouples, pressure transduc-
ers, and flow meters to determine a mathematical relation
between two or more variables. The results of the uncer-
tainties for the used instruments as well as the calculated
parameters are calculated and presented in Tables 3 and 4,
respectively.

Results and discussion
Validation of experimental set-up

The testing rig is validated against the available data in the
literature by comparing the obtained experimental data of
the pure water with well-established correlations in the tur-
bulent and laminar flow regimes. The friction coefficient and
Nusselt number are determined for pure water and compared
with the correlations.

Validation of the adiabatic friction coefficients

The adiabatic friction coefficients are calculated by measur-
ing the pressure drop across the test. Leon and Roman [23]
developed correlations for the friction factor in the lami-
nar and turbulent regimes as shown in Egs. (15) and (16),
respectively:

Table 3 Ranges and accuracies of instruments used

Instrument Range Uncertainty
Thermocouples —200-350 °C 0.1°C
Coriolis flow meter 0-0.07 kg/s 0.1%
Pressure transducers 0-17 kPa 0.16%
Power supply 0-320V 033V
0-125V 0.04 A

Table 4 Uncertainties of the calculated parameters

Re/% AP/% 1% W% Nu/%
Re (high) 5 1 1 5 5
Re (low) 5 17 17 1
64
fiamiar = @ (15)
=025
fturbulent = 0316(Re ) (16)

The two correlations are corrected by introducing a modi-
fied Reynolds number to the classical Poiseuille [24], and
Blasius [25] correlations to be suitable for the rectangular
cross-section channels. The correlations are used to validate
the measured data.

The modified Reynolds number ( Re*) is calculated as
follows:

560.16 (17)
(i)

x|

The measured laminar friction factor is compared
to the prediction by the laminar correlation of Leon
and Roman [23] as presented in Fig. 6. The com-
parison results yield an excellent agreement between
the measurements and the prediction as the average
deviation was 1.7%. On the other hand, as presented
in Fig. 6, the comparison in the turbulent side reveals
a good agreement with Leon and Roman (Turbulent)
[23], as the difference is less than 1.3% throughout
the turbulent region.
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Fig.6 Comparison of measured data of the adiabatic friction coeffi-
cient to the correlations (logarithmic scale)
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Fig.7 Comparison of Nusselt number results to the correlations in
laminar and turbulent regimes (logarithmic scale)

From Figs. 6 and 7, important observations are noticed,
the transition starts at Reynolds number of 1750 and ends
at 2000. The length of the transition is found to be 250
Reynolds number. Moreover, the standard critical Reyn-
olds number where transition starts in circular tubes is at
2300 [26]. The observed early transition in rectangular
channels as shown in Figs. 6 and 7 can be attributed to the
cross-section of the channel as well as the inlet shape [27].

Validation of heat transfer measurements

Correlation of Morcos and Bergles [28] is used to validate
Nusselt number data in the laminar regime, and the average
deviation between the prediction and the measurements is
0.7% as shown in Fig. 7. Three correlations are used in the
turbulent zone; average Nusselt number matches well with
the Everts and Meyer [29], the measurements deviate by
1.8%. The correlation of Olivier and Meyer [30] is found to
be higher than the measured values by an average of 3.8%.
Gnielinski correlation [31] under-predicts the measurements
reasonably well by 6% in the range of Reynolds numbers of
3000-5000, and over-predicts the data by 7% in the range
of Reynolds numbers greater than 5000. Both Olivier and
Meyer [30] and Gnielinski [31] correlations are not accu-
rate enough to estimate the Nusselt number on the region
between Reynolds numbers of 2000 and 3000, as they under-
predicts the data by 12 and 21%, respectively. The reason
behind the notable deviation is that the two correlations are
generated to estimate the turbulent regime where the Reyn-
olds numbers is higher than 3000.
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Fig.8 Linear relation of pressure gradient across the porous media
with the velocity

Hydrodynamic and heat transfer characteristics
of the porous media insert

Hydrodynamic and permeability of the nickel foam

Figure 8 shows the linear relation between ”I—V (%) and %

as observed from Egs. (14) and (15). The values of the per-
meability (K) and Ergun coefficient (Cy) are extracted from
the figure and are 0.000162 and 0.00078, respectively.

The friction coefficient variation with the Reynolds num-
ber for the test section with the nickel foam insert is shown
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Fig. 9 Comparison of the friction coefficient variation with Reynolds
number of the empty and nickel foam insert channel (logarithmic
scale)



in Fig. 9. The permeability-based Reynolds number span
ranges between 2000 and 6500. The range corresponds to the
full flow range in the empty test section (laminar to turbu-
lent, including the transition regime). The friction coefficient
of the foam-filled test section shows no change in the pattern
of the measurements, which indicates no transition, and the
flow regime followed the non-Darcy flow regime. Moreover,
the values of the friction coefficient are significantly higher
than those for the empty test section value (24.5 times higher
than the values of the empty test section), and this can be
explained by the complicated structure of the nickel foam
resulting in a flow fouling and therefore high pressure drop
through the test section.

Heat transfer evaluation of the test section with the nickel
foam insert

The variations of the local Nusselt number for two Reynolds
numbers at seven various positions along the test section are
presented in Fig. 10. For both Reynolds numbers (higher
and lower), the Nusselt number decreases until the value of
x/Dy, =30, which corresponds to the entrance length, where
the flow is still thermally developing. These results indi-
cate no effect of the foam in the thermal entrance length
compared with the empty test section. The Nusselt number
for the Re =8400 is unchanged throughout the remaining
segment of the test section, while the Nusselt number at
Reynolds number of 1710 increases with the length of the
tube, and it is 2.7 times higher than the value of Nusselt
number at the position of x/d=30. Figure 11 shows the
average Nusselt number variation with Reynolds number
for the water flow across the nickel foam in the rectangular
channel. The comparison results with the empty test section
show that a drastic increase in Nusselt number is observed
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Fig. 10 Local Nusselt number of two different flow rates through
nickel foam in a rectangular test section
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Fig. 11 Nusselt number comparison of flow through an empty rectan-
gular test section and nickel foam inserted test section (logarithmic
scale)

by using the nickel foam, whereas the increase is three times
on average compared with that of the empty test section.
The Nusselt number for the foam-filled test section increases
with a higher rate in lower Reynolds number, a 77% increase
for the range of Reynolds number between 1700 and 6000
is observed, while the increase in Nusselt number for the
higher Reynolds number range (6000-10,000) is as little as
13%. This result can be justified by inspecting the behaviour
of local heat transfer for the higher and low flow rate, as
illustrated in Fig. 10, because the increment in the Nusselt
number is almost negligible at the higher Reynolds number
compared with the lower Reynolds number. Another feature
demonstrated in Fig. 11 is the one pattern of Nusselt num-
ber variation with Reynolds number because no transition
is noticed in the tested flow range. The transition from the
laminar to turbulent is observed for the flow in the empty test
section at Reynolds number of 1750 and ended at Reynolds
number of 2000. This shows the effect of the porous media
on the transition because no transition occurred when insert-
ing the nickel foam in the rectangular test section.

It is noticed that the local Nusselt number is getting
steady towards the exit of the test section, and this could
be justified due to the fact that at the exit, the flow will be
thermally developed. In contrast, it will be still developing
at the entry of the test section.

Heat transfer enhancement evaluation of the nickel foam
test section

The thermal performance factor is used as heat transfer
enhancement criteria, as stated in Eq. (18), to compare the
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Fig. 12 Thermal performance coefficient relationship with Reynolds
number for flow through a rectangular channel filled with nickel foam

obtained heat transfer enhancement with the penalty in the
pressure drop.

Nufoam

Nuempty
Thermal performance factor = ————— (18)

( S, > 1/3
femply
where Nug,,,, and Nu, are the Nusselt number of the water
flowing through the foam-filled and the empty test sections,
respectively, while f;.,, and f; are the friction coefficients
in the foam-filled and the empty test sections, respectively.
Figure 12 shows that the thermal performance factor is
higher than the unity through the entire tested Reynolds
number range. This could be referred to the increasing in
the heat transfer area caused by the foam insert as it acts
as fins extended from the internal surfaces of the channel.
Moreover, the open cell structure of the foam will help to
mix the flow and cutting the boundary layer leading to uni-
form temperature distribution, and hence enhancement in the
heat transfer compared to the test section. The higher perfor-
mance factor values prove the feasibility of using the nickel
foam as a method of heat transfer enhancement, although the
high-pressure drop occurs when using the foam. The results
also reveal that the operation of the foam-filled rectangular
test section is better than at the lower flow rates because the
thermal performance factor is observed to be 1.7.

Conclusions

The foam-filled test section is constructed by ponding the
foam strips to the channel, and the permeability is deter-
mined by linearizing the no-Darcy flow pressure gradient
equation. The pressure drop for the foam test section is 24.5
times higher than for the empty test section. However, the
Nusselt number shows an increase of three times the empty
test section value. The overall thermal performance fac-
tor shows the effectiveness of filling the test section with
high-porosity nickel foam. No transition regime is noticed
for the foam-filled test section on both the heat transfer and
hydrodynamic results, while the transition from laminar to
turbulent is spotted for the empty test section. The following
highlights are also observed and concluded:

e A higher pressure drop when using the nickel foam is
observed than when using the empty channel.

e The local heat transfer coefficients for the test section
filled with the nickel foam shows that the thermal entry
length does not depend on the flow rate.

e The heat transfer increment is constant towards the exit
of the rectangular channel at the higher flow rates, while
it increases rapidly at the lower flow rates.

e Nusselt numbers for the foam-filled test are above those
for the empty test section indicating a heat transfer
improvement when using nickel foam.

¢ No transition regime is noticed for the foam-filled test
section on either the heat transfer results or the pressure
drop results, while the transition from laminar to turbu-
lent is observed for the empty test section.
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